A country's natural resources serve the needs of different groups of people within the country. These different groups are collectively known as stakeholders (Herath and Prato, 2006) . Stakeholders have different needs, preferences, and expectations, which describe and define the criteria to be considered in decision-making. The options available as solutions describe the alternatives in decisionmaking theory. The criteria and alternatives have to be evaluated simultaneously when making decisions, and this is when multicriteria decision analysis (MCDA) techniques become invaluable (Herath and Prato, 2006) because the human mind is considered to be limited when solving complex and intangible problems with several criteria and alternatives (Saaty, 2007) . MCDA techniques belong to a broad group of techniques called multi-criteria decision-making (MCDM) techniques. The other group of techniques within MCDM comprises the multi-objective decision-making (MODM) techniques. MODM techniques are generally used to solve problems with an infinite number of alternatives, while MCDA techniques are generally used to solve problems with a finite number of alternatives (Musingwini, 2010) .
MCDA techniques have been frequently used to address decisions ranging from the strategic to the everyday (Petit and Fraser, 2013) . The use of MCDA techniques has been extended to the mining industry, especially in mine planning and equipment selection (Musingwini, 2010) . Mine planning and equipment selection are crucial in ensuring that a mine is run efficiently. For example, Sousa Junior et al. (2014) used the preference ranking organization method for enrichment evaluation (PROMETHEE) and elimination and choice expressing reality (ELECTRE) methods to select highway trucks for a mining operation. Musingwini and Minnitt (2008) ranked the efficiency of certain mining methods using the analytic hierarchy process (AHP). Yavuz (2015) selected equipment for a mine using Yager's method and AHP. Karadogan et al. (2008) used fuzzy set theory to select an underground mining method.
In this study, mine planning and related case studies are identified and categorized according to the MCDA methods used. The results are compared and a trend is established according to the number of criteria and alternatives. From the results, the appropriate method to use in specific case studies is determined, considering that each method has its own limitations, advantages, and disadvantages.
A survey of applications of multicriteria decision analysis methods in mine planning and related case studies by M.J. Mahase*, C. Musingwini*, and A.S. Nhleko* In an environment like the mining industry, which is characterized by different stakeholders with multiple objectives, multi-criteria decision analysis (MCDA) is a useful approach for optimal decision-making. The application of MCDA techniques in the mining industry has predominantly been in mine planning and related problems, although no comprehensive survey has previously been undertaken to establish the application trends. A survey of the use of MCDA techniques was therefore conducted using case studies from the literature. It was noted that often two or more methods are applied to the same problem in order to increase confidence in the solution derived. As the number of criteria and alternatives increases, some methods become inefficient. A combination of the analytic hierarchy process (AHP) method with other MCDA techniques was the most frequently used approach, indicating the efficiency of the AHP method, especially when evaluating problems with more criteria and fewer alternatives. A combination of fuzzy theory with AHP or other methods incorporates uncertainty. The findings from the survey will benefit users applying MCDA techniques to solve mine planning and related problems.. mine planning, multi-criteria decision-making (MCDM), multi-criteria decision analysis (MCDA), multi-objective decision-making (MODM), criteria, alternatives.
A survey of applications of multi-criteria decision analysis methods in mine planning
The investigation considered the most commonly used MCDA methods and how the methods were chosen for analysis. Case studies were identified and categorized according to the number of criteria and alternatives.
The mathematical frameworks of MCDA techniques do not form part of this paper as they are adequately explained elsewhere (e.g. Musingwini, 2010) . Problem solving using MCDA techniques involves the following steps (Musingwini, 2010): 1. Identifying objectives and representing them as criteria 2. Assigning numerical values or weights to the criteria 3. Measuring the efficiencies of alternatives against different criteria to yield outcomes 4. Making an appropriate decision from the outcome.
To yield outcomes, an alternative A i is selected from a set of alternatives A = {A 1 , A 2 , ……., A m }. Alternative A i is measured against a decision criterion C j from a set of criteria C = {C 1 , C 2 , ……, C n }. An outcome, O ij is determined by measuring the efficiency of A i against C j . For m alternatives and n criteria, the alternatives and criteria are arranged in a (m × n) matrix to yield outcomes, as shown in Table I . From the outcomes, the alternative with the highest weighted outcome is taken as the ideal alternative except in the VIKOR method which uses the lowest weighted outcome, after reconfiguring the outcomes into dimensionless outcomes as the weighted outcome is derived as an additive function.
Many MCDA methods have been established and their use extended to the mining industry. Various authors have used different sources to identify the most commonly used MCDA methods. Velasquez and Hester (2013) used databases like Springer, ScienceDirect, IEEExplore, journal articles, and conference proceedings to identify publications on MCDA. The identified publications were narrowed to those dealing with the most commonly used methods.
Eleven methods, namely multi-attribute utility theory (MAUT); analytic hierarchy process (AHP); fuzzy set theory; case based reasoning (CBR); data development analysis (DEA); simple multi-attribute rating technique (SMART); goal programming; elimination and choice expressing reality (ELECTRE); preference ranking organization method for enrichment evaluation (PROMETHEE); simple additive weighing (SAW); and technique for order preference by similarity to ideal solution (TOPSIS) methods were identified. MAUT was the most commonly used method in conjunction with other methods when two or more methods were used. The use of two or more methods provides an alternative method to make up for the shortcomings any one of the particular methods (Velasquez and Hester, 2013) . Fulop (n.d.) classified multi-attribute decision-making methods into cost-benefit analysis (CBA), elementary methods, MAUT methods, outranking methods, group decision-making methods, and sensitivity analysis. Elementary methods were subdivided according to pros and cons analysis, minimum and maximum methods, conjunctive and disjunctive methods, and lexicographic methods. The MAUT methods were classified into SMART, generalized means, and AHP; and outranking methods into PROMETHEE and ELECTRE methods. Figueira, et al. (2005) classified outranking-based multiple criteria decision methods which were based on pairwise comparison of actions into outranking methods, multi-attribute utility and value theories (MAUT/ MAVT), and non-classical MCDA approaches. The outranking methods were further divided into ELECTRE methods, PROMETHEE methods, pairwise criterion comparison approach, and one outranking method for stochastic data. MAUT/ MAVT were divided into MAUT method, utilities additives (UTA) method, analytic network process (ANP), AHP, and measuring attractiveness by a categorical-based evaluation technique (MACBETH). Non-classical MCDA approaches were introduced to account for any uncertainties associated with a changing environment. Under non-classical MCDA approaches the fuzzy set approach and technique for ordinal multi-attribute sorting and ordering (TOMASO) toolbased software were considered. Sanandaji (2006) referred to decision-making methods as models and classified them into MCDM, MADM, rational decision-making, irrational decision-making, and nonrational decision-making models. MCDM was further divided into ELECTRE-II, PROMETHEE-II, AHP, compromise programming (CP), and multi-criterion Q-analysis (MCQA). MADM was subdivided into SAW, weighted product (WP) method, and TOPSIS.
Peniwati (2007) Case studies solved using MCDA techniques were identified from different journal sources and conference proceedings. The identified case studies were narrowed down to those dealing with mine planning and related studies. A total of 150 case studies solved using multi-criteria methods were identified and grouped according to the method of analysis applied (Table II) . Where a case study was published in more than one journal, it was accounted for only once in order to eliminate bias.
After grouping the case studies based on the methods used to solve them, the frequency of use technique was applied as an indicator to determine the most used method. The method selected using this technique may not necessarily be the best, although it may be frequently used owing to its simplicity.
The most frequently used manner of solving multi-criteria problems is a combination of two or more techniques, followed by the use of AHP and then fuzzy set theory. The usage of two or more methods compensates for the shortcomings of the alternative methods when solving a particular problem (Velasquez and Hester, 2013) .
Due to its simplicity, AHP is the second most used methodology after the combination of MCDA techniques (Velasques and Hester, 2013) . AHP is also less dataintensive than MAUT. AHP is compared to MAUT because both methods use pairwise comparison of criteria (Alexander, 2012) . On the other hand, the interdependence between criteria has made AHP unfavourable (Velasquez and Hester, 2013) . Judgement and ranking of criteria can be inconsistent during the pairwise comparison of criteria. This implies that although AHP is frequently used due to its simplicity, other techniques can be used concurrently with AHP to address its shortcomings.
The combination of different MCDA techniques and AHP is discussed in detail due to its high frequency of usage in mine planning and related case studies. AHP is the most frequently used technique to address mine planning problems, which include the selection of an optimum mining method, evaluation of transportation methods, selection of optimal mining equipment, and suitable land use alternatives for mined land. AHP links criteria at upper levels to criteria at lower levels, through division of the criteria into sub-criteria. AHP is considered to efficiently rank criteria because of the pairwise comparison of criteria. However, AHP requires a high level of knowledge and experience from the decisionmaker. AHP does not incorporate risk and uncertainties (Shahroodi et al., 2012) .
The mining environment is characterized by uncertainty (Saaty, 2007) so it is necessary to incorporate uncertainty in decision-making. Figure 1 shows the different criteria and alternatives for the case studies solved using AHP. Most case studies consider a maximum of 20 criteria and 9 alternatives (Figure 2 ). With increasing numbers of criteria and A survey of applications of multi-criteria decision analysis methods in mine planning VOLUME 116 alternatives, it may not be feasible to use the AHP method due to the uncertainty associated with a large number of alternatives and criteria. According to Yavuz and Altay (2015) , the recommended maximum number of criteria to be handled by AHP is 9, due to the limitations of human abstract thinking. In cases where the number of criteria is greater than 9, criteria should be decomposed into subcriteria, such that the main criteria do not exceed 9, but each criterion has several sub-criteria.
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A combination of different techniques is used to make up for the shortcomings of any one technique (Velasquez and Hester, 2013) . It increases the level of precision since it allows for a comparison of solutions from different techniques. Table II indicates that 81 of the 150 case studies were solved using a combination of methods. Table III presents the various combinations of the MCDA techniques. AHP in combination with other methods was the most frequently used, followed by the combination of fuzzy MCDA methods. The combination of AHP with PROMETHEE was followed by fuzzy TOPSIS in conjunction with other methods. The combination of fuzzy AHP and other methods was the least frequently used. A graphical presentation of the frequency of different combinations of MCDA methods is shown in Figure 2 . Table III and Figure 2 show that AHP is the most commonly used MCDA method in combination with other methods in mine planning, with a 20% frequency. Figure 2 illustrates the different combinations of MCDA methods used to solve the case studies. Most case studies are solved using a combination of AHP and other MCDA techniques. For instance, a combination of AHP with fuzzy set theory, PROMETHEE, or TOPSIS are present, making AHP a frequently combined method. AHP can be used to solve strategic and long-term mine planning problems. Figure 3 presents the criteria and alternatives of MCDA method combinations with AHP used to address different case studies. The number of criteria has increased up to 25, and in one case as many as 50 criteria are seen. The number of criteria increased in comparison to when AHP was the only method used for analysis, as shown in Figure 1 . More criteria in a decision means more precision is required. The number of alternatives has also decreased to a maximum of 20 compared to 28 where AHP was the only method used. As the number of criteria increases, the possible alternatives are narrowed down. Applying a combination of different methods yields a more accurate result than using a single MCDA method for analysis.
There are uncertainties associated with decision-making, which are due to the subjective judgement of the decisionmaker or incomplete data (Yazdani-Chamzini and Yakhchali, 2012) . Mine planning problems are often associated with incomplete data. For example, geostatistics is used to solve the problem of incomplete data as modelling has to be done on geological data from drilling. To address uncertainty, fuzzy theory is combined with different MCDA techniques (Yazdani-Chamzini and Yakhchali, 2012) . Fuzzy MCDA methods are the most frequently used methods, accounting for 54% of the total combination of methods. Figure 4 shows that the range of criteria increased relative to the non-fuzzy AHP method. Using fuzzy theory results in an increased number of criteria and a decrease in number of alternatives. This observation is expected because as more constraints are considered, the more specific the problem becomes. As a result, irrelevant options are eliminated. Figure 5 summarizes the observations in Figures 1, 3 , and 4. It can be concluded that as the number of criteria increases, the number of alternatives decreases. This imparts a level of confidence to decision-making, since all the redundant alternatives are omitted. Preliminary findings based on the analysis of case studies using more than one MCDM method indicate that stable results are obtained when a maximum of four alternatives and six criteria are evaluated. In the mining industry, different stakeholders have different objectives that have to be met, and these translate into criteria. MCDM techniques are used to obtain an optimal solution to satisfy key stakeholders criteria. MCDA techniques are the branch of MCDM techniques that is used to address mine planning problems that have multiple, but finite criteria and several alternatives. A total of 150 mine planning and related case studies that have been solved using multi-criteria methods were identified and grouped according to the method of analysis in each case study. Each MCDA technique has strengths and weaknesses. In order to address the shortcomings of any one method, a combination of two or more different methods can be used. The most commonly used combination was AHP with other methods. Fuzzy theory was used in cases where uncertainty had to be considered.
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It was noted that often one, two, or three methods are applied to the same problem in order to attach confidence to the optimal decision. As the number of criteria and alternatives increases, some of methods become inefficient. The combination of the analytic hierarchy process (AHP) method with other MCDA techniques was the most frequently used approach, indicating the efficiency of the AHP method, especially when more criteria and fewer alternatives are evaluated. Fuzzy theory was combined with AHP or other methods to incorporate uncertainty. It is envisaged that this study will be extended by applying the selected MCDA methods to each of the selected case studies to establish trends in the efficiency of each method as the number of criteria and alternatives increases. This will provide further insight to users of MCDA techniques when solving mine planning and related problems.
When more criteria are used, the number of alternatives should be reduced through a pre-screening process in order to reduce inconsistencies that may occur. Similarly, when there are several criteria, these should be consolidated into main or primary criteria in order reduce the number of criteria used for the ranking of alternatives. The most unlikely alternatives are thus eliminated, thus reducing the likelihood of choosing an incorrect alternative. Preliminary findings for the case studies analysed indicate that a combination of a maximum of four alternatives and six criteria tends to produce stable results.
This study forms part of an MSc research project undertaken at the University of the Witwatersrand. 
